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SYNOPSIS Presented is the transient seismic response of alluviums with due accoun~ for the confi_guration and the size in view ?f 
incident wave type and the length, besides the stiffness contrast to the underlrun far extendmg b~e. The BEM~FEM _hybnd 
computation is taken in order to give a clear interpretation to the seismic wave scattering and propagatio~. Para~etnc stu_dies are 
performed aiming at acquiring the relevant soil amplification which is useful information for the structural design on megular site. 
INTRODUCTION 
Effects of site topography on seismic wav~s h~ve been well 
recognized as a major reason for strong amplificatiOn of ground 
motions which lead to recent heavy earthquake damages. The 
irregular condition can mainly be addressed to ground surface 
for the case of canyon configuration and/or subsurfa~e for the 
case of alluvium deposits. The seismic response of alluvial valleys 
is of greet importance since highly populated area are mostly 
located on such soft soils. 
Recent theoretical investigations from the frequency domain 
analysis, e.g. Takemiya and Wang (1994) have made clear the soil 
amplification in connection with the dimensionless frequency 
which is defined as the ratio between the width of the site 
topography and the wave length of the incident wave. 
Another important aspect is the phase characteristic of wave 
propagation and scattering due to the surface I subsurface of site 
irregularities. In order to investigate the transient seismic 
response, the Fast Fourier Transform algorithm is used. The time 
lag among spatial distances may not correctly be introduced 
unless elaborate consideration is paid to the inverse Fourier 
Transform. On the other hand, the direct time domain analysis, is 
more suited for these investigation. The substructure approach 
was utilized for the transient response analysis due to SH wave 
incidence by Takemiya and Fujiwara (1994) by using the 
boundary element method. 
In this paper, the transient responses of irregular sites due to 
plane P and SV wave incidence are presented. The soil 
amplification and phase characteristic of the soil motion due to 
the nature of propagation inside the alluvium are addressed. The 
hybrid procedures are adopted for the numerical computations in 
time domain as an extension of the authors previous work for SH 
wave incidence, Takerniya and Tomono (1992) and Takemiya, 
Adam and Yasui (1994a,b). The far field is modeled by the 
boundary element method (BEM) and the near field by the finite 
element method (FEM). The weighted residual technique is 
adopted for the coupling between these fields of different 
discretizations. Parameter studies are conducted, focusing the 
stiffness contrast and the configuration which are the essential 
factors besides the wave type and its wave length. 
FORMULATION 
Far field by BEM 
The far field comprises the incident waves and the scattered 
waves due to the irregular interface boundary. The time domain 
boundary element method is applied for describing scattered 
wave field by utilizing constant-wise shape function in geometry 
and time for both displacement and traction as proposed by 
Takerniya et al. (1994). In terms of the total wave field, the 
discretization procedure leads to the time stepping algorithm for 
the response computation: 
K-I 
Ho(UK- uiK) _Go (fK- TK) = _ ~ {HK-~<u~< -GK-¥} = -FK (I) 
1<=1 
in which UK and TK are the displacement and traction evaluated 
at the interface nodes and a certain extent of free surface nodes 
at each time step. The displacement and traction influence 
matrices H and G respectively are prorerly calculated by using 
the full space Green's function. U K and TIK denote the 
discretized displacement and traction respectively due to a 
specified incident wave. Condensing out the free surface 
variables, the governing equation for the far field in terms of the 
dynamic stiffness matrix Ks and the interface variables as 
unknowns becomes 
~(t) = Ks UK- ~.K(t) ( 2 ) 
in which ~ defines the input nodal forces on the interface. 
Near field by FEM 
The irregular part of soil is modeled by the 2-dimensional plane 
strain solid elements. The finite element procedure leads to the 
following governing equation in terms of the mass, damping and 
stiffness matrices M, C, and K respectively for any time step K. 
M tl + c UK+ K UK = ~(t) ( 3 ) 
Where ~(t) represents the input forces along the interface 
boundary due to the effect of the extending far field. 
Coupling procedures 
The equilibrium and compatibility conditions are considered at 
the FEM time increment, MF. Because of the different 
assumptions for traction variation in time in the FEM and BEM 
domains, the matching is taken in the sense of the weighted 
residual method, i.e., 
~~I W(;) { Fs(;)- FF(~) } d~ = 0 ( 4) 
in which W{;) is the weighting function and w(~)=l~ is assumed 
herein. Substituting Eqs.(2) and (3) into Eq.(4) leads to 
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[ MF +y AlfCF + ~ (At}:)2 K F + a (Atl Ks) uK+ifN + 
(-2MF+(I - 2y)A4> Cri-(112-2f3+y)(Ati KF+( l - a)(Aq/ K8] lJ K+<l- 1)/lll 
+a (Atr)2K~.K+iiN + (1 - a)(Atp)2K~.K+(i- l l/N 
=a (AtF)2K~.K+i/l'l + (1 - a )(AtF)2K g.K+(i·I)/N (5 ) 
in which, a=J/2, ~=114 and y= l/2 can be employed. 
INCIDENT WAVES 
Herein, the plane P and SV waves are considered for incident 
waves. The displacement is prescribed by 
(6) 
in which f(al) denotes a function to describe the wave form. The 
Ricker wavelet of a predominant wavelength A.c=Vw T is 
assumed, in which Vw denotes the P or SV wave velocity and Tis 
the predominant period and 
(7) 
The argument a 1 indicates the phase at location (x,z) at time t 
when measured from a specified location (x, ,z,.) is defined as: 
a
1 
= Yw (t- t.) - cos 9 (X- Xs) + sin 9 (z-z,.) ( 8) 
where ts is the time for the maximum amplitude is attained. The 
function H(a1) is the Heaviside ste p function and a is the 
intensity. The velocity and acceleration are obtained by 







Regarding the acc uracy of the present method of analysis, the 
comparison is made between the present results and the 
frequency domain solution by Takemiya and Wang (1994), and 
Wang (1994) for canyon response due toP and SV -waves. In the 
latter analysis, the time histories are obtained by the FFT 
techni~ue. A semicircular canyon of diameter D in a uniform half 
space IS adopted for the computations. A certain fmite region is 
modeled by FEM and the rest of the infinite half space is modeled 
by BEM. The discretization along the free surface and the 
interface between different discretizations is determined in such a 
way that the element length AL should not be longer than one-
sixth of the incident wave length and the time step length for 
integration AT is determined to give the ratio ~(V s x AT) I t\L 
closer to unity where Vs is the shear wave velocity of the half 
space. A uniform half space is chosen to have the shear wave 
velocity of 1.5D mls, the mass density of 1.3 tJm3 and Poisson's 
ratio of 1/3. A Ricker wavelet of predominant frequency 1.0 Hz is 
assumed for both P and SV wave incidence. The wave front is set 
at the depth 0.6D from the surface and the time for the maximum 
amplitude occurs at ts =1.5 s. The horizontal distances are 
normalized by the radius of the canyon. 
Figure 1 shows the time histories and the maximum amplitude of 
the response due to the SV -wave. The directly progressing waves 
keep the same amplitude along the surface of the canyon except 
near the edges where strong amplification occurs. The edges 
generate the Rayleigh waves due to over critical reflection, 
traveling away from the canyon. Since no material damping is 
involved, the Rayleigh waves keep the same shape and 
amplitude during the propagation. Similar conclusions are 
pointed out by Kawase (1988) and Esharaghi and Dravinski 
(1989) . Figure l.c shows the very good agreement between the 
present results and the frequency domain ·results which are 
incticated by symbols. 
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For the P-wave incidence the similar results are obtained but the 
difference exists in this case that the vertical displacement is 
predominant as shown in Fig. 2. The horizontal displacement 
results from the scattered wave by the canyon surface and 
additionally from the surface waves generated at the edges. 
Figure 2.c confirms the agreement between the present results 
and the frequency domain results. 
The responses of semicircular alluvium due to the P and SV-wave 
are discussed for both the vertical and oblique incidence. The 
results showed the same agreement between the present results 
2nd other methods while due to limited space it will be omitted 
here and the reader is referred to the paper by Takemiya and 
Adam (1995) 
TRANSIENT RESPONSE OF ALLUVIUM 
In this section, the transient response of alluvium due to the 
plane SV-wave incidence is discussed. A trapezoidal shape 
alluvium site as illustrated in Figure 3 is considered. The soil 
properties are given in Table I. The Ricker wavelet is employed 
for the wave incidence in the far field. The parameter study is 
performed for different incident angles (9 =900, 600) and 
dimensionless frequencies TJ that is defined as the ratio of the 
total surface width of the alluvium 2B to the wavelength A. of the 
shear wave in the half space (fl.= 2B/1.. = 0.50, 0.73, 1.5, 2.0). 
Incident 
wave 
Fig, 3. T rapezoidal model for analysis 
TABLE I Soil Properties 
Vs m/s p tfm3 Poisson's ratio 
Alluvium 200.0 1.60 0.45 
Far field 500.0 2.00 0.35 
hgures 4.a and 4.b depict the time histones of the horizontal and 
vertical displacements respectively for vertical incidence at 
f1=0.73. This fl value coincides with the ti rst fundamental 
frequency of the alluvium when it is assumed to be fixed all along 
the interface with the far field. The horizontal displacement has a 
large amplification at the center of the alluvium after the arrival of 
the second response peak du to the incident wave. This is 
interpreted by the interference between the incident and 
reflected waves from the free surface and the horizontally 
propagating surface wave generated from the both edges. After 
the first interference occurs, the wave is reflected back from the 
center toward the edges. After such wave propagation takes 
place, the two edges generate waves propagating horizontally 
inward its center and outward in the opposite direction. The 
vertical displacement has its maximum peak in the rrudway 
between the edge and the center because of the interference of 
the scattered waves from the flat base and inclined edge. 
Figures 5.a and 5.b show the vertical and horizontal 
displacements for oblique incidence (0 = 600) at f1=2.0. Both 
horizontal and vertical displacements are amplified and have 
more phase difference than the vertical incidence. In this case, the 
right hand edges (opposite to the direction of propagation of the 
incident waves) generates horizontal waves toward the other 
edge. The maximum horizontal displacement is shifted toward 
the right hand edge. The vertical displacement has more peaks 
than one and the maximum value occurs near the left hand edge. 
This multiple peaks appear due to the wave trapping between 
horizontally and the vertically propagating waves which can be 
observed clearly from the previous figures . Similar behavior have 
been observed for the other cases considered and we will focus 
on the maximum response results. 
Figure 6 displays the comparison of surface maximum 
displacement due to the vertical a nd oblique incident waves of 
different values of fl · The lines denote the response to vertical 
incidence and the symbols denote the oblique incidence case. lt 
is observed that distribution of maximum responses along the 
surface is highly affected by the change of the predominant 
wave length and incident angle. The maximum horizontal 
displacements are shifted toward the ri ght hand edge and the 
vertical ones toward the other edge. For high frequency, the 
horizontal displacement has multiple peaks and the maximum 
value occurs away from the center of the alluvium even for 
vertical incidence. Both horizontal and vertical displacements 
have more phase difference at oblique incidence case. 
Th.e surface acceleration response is of great importance in view 
of the above surface structures. The same behavior as the 
displacement response has been concluded for the acceleration 
with more phase differences and sharp peaks. This behavior 
causes the above surface structures to be subjected to different 
excitation in both phase and amplitude at different stations. As 
the amplitude of the horizontally incident acceleration is 47.5 
cmJs2, Fig. 7 shows a strong amplification due to the soft soil 
deposit. The effect of incident angle on acceleration respo nse is 
stronger than that on the displacement response. 
CONCLUSIONS 
Transient responses of canyon and alluvial sites due to incident 
plane P and SV waves are discussed by using the time domain 
BEM-FEM analysis. Parameter studies indicate that the irregular 
soil conditions strongly amplify the surface response, much 
different from a uniform or horizontally layered soils. This 
amplification depends on the type and frequency contents of the 
incident waves, the angle of incidence, the subsurface 
irregularity, and the impedance ratio between the alluvium and 
the far field. The edges of alluvium generate surface waves that 
interfere with the incident and reflected wave at the surface, 
leading to more complicated wave field and ampl ified soil surface 
response. The finding from this study should be taken into 
consideration for the analysis and design of surface and 
underground structures. 
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